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TITLE OF THE INVENTION 

Semiconductor Laser, Semiconductor Laser Driver and Method of 
Driving Semiconductor Laser Reducing Feedback-Induced Noise by 
Modulated Optical Output 
5 BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a semiconductor laser, a 
semiconductor laser driver and a method of driving a semiconductor laser. 
In particular, the present invention relates to a semiconductor laser, a 

10 semiconductor laser driver and a method of driving a semiconductor laser 
reducing feedback-induced noise by a modulated optical output. 
Description of the Background Art 

Semiconductor lasers are superior in monochromaticity and 
directivity and can provide a necessary spot size which is small enough to 

15 read a pit on an optical disk, and are accordingly used as a light source for 
the optical disk. For such a high-density recording medium as DVD 
(Digital Versatile Disk) having a multi-layer structure, a high output of at 
least 8 mW is necessary for reading and thus conventional red 
semiconductor lasers cannot be used for the high-density recording medium. 

20 A nitride semiconductor laser with a short wavelength and a high 

output power is appropriate for the high-density recording medium like the 
DVD, and thus development of the nitride semiconductor laser, which is to 
be used as an effective laser for a laser pickup device instead of the red 
semiconductor laser, is being in progress. 

25 . With such a pickup device, light emitted from a laser is reflected 

from a surface of a disk which is a recording medium or from an optical 
system, and then the emitted light is partially returned to the laser. The 
light returned to the laser is called "feedback light." The feedback light and 
the light emitted from the laser interfere with each other, resulting in noise 

30 generation when information is reproduced. 

An effective method for reducing "feedback-induced noise" is to 
periodically change the intensity of an optical output and thereby reduce the 
coherency of the semiconductor laser. An optical output with its light 
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intensity periodically changed is hereinafter referred to as "modulated 
optical output." 

In order to produce the modulated optical output, a technique of 
intentionally causing "self pulsation" of the laser is generally employed. 
5 The self pulsation can be caused by providing, for example, the laser with 
such a special structure as described below. 

Around a gain region within an active layer that is called light- 
amplifsang region, a region having a light-absorbing effect that is called 
saturable absorber region is formed. Accordingly, on carriers in the active 
10 layer and osdllating Ught, the Q-switching effect is exerted by the saturable 
absorber region to cause the self pulsation. 

Thus, a constant current equal to or larger than a lasing threshold 
can be injected into the active layer of the laser with the above-described 
structure so as to intentionally cause the self pxilsation and thereby obtain a 
15 modulated optical output. 

Fig. 1 1 is a cross-sectional view exemplarily showing a structure of a 
conventional self -pulsating semiconductor laser. 

The conventional self -pulsating semiconductor laser device shown in 
Fig. 11 includes, on an n-type GaAs substrate 103, an n-t5^e GaAs buffer 
20 layer 104, an n-type AlGalnP cladding layer 105, a GalnP active layer 106, a 
p-type AlGalnP cladding layer 107, a p-type GalnP intermediate layer 108 
and a p-t5^e GaAs contact layer 109 that are deposited successively in this 
order. 

P-type AlGalnP cladding layer 107, p-tjrpe GalnP intermediate layer 
25 108 and p-type GaAs contact layer 109 constitute a stripe ridge 110, and n- 
t5^e GaAs buried layers 111 and 112 are provided respectively on lateral 
sides of ridge 110. A p-electrode 101 is provided on the front side of the 
device and an n-electrode 102 is provided on the back side thereof that are 
not divided. 

30 This device has ridge 1 10 in cladding layer 107 located on active 

layer 106 so as to produce regions into which currents of different amounts 
respectively are injected, and thus saturable absorber regions 114 and 115 
are provided around a light- amplifying region 113 (gain region) to achieve 
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the self pulsation. 

Here, a current is injected from p-electrode 101 through the inside of 
ridge 110 into the active layer 106 and then passed to n-electrode 102. The 
current is chiefly injected into a region directly below the ridge that 
5 accordingly functions as a light- amplifying region 113 while a smaller 
amount of current is injected into regions 114 and 115 that accordingly 
function as saturable absorber regions. In this way, the self pulsation is 
caused. 

For such a device, various parameters of the device structure that 

10 can cause the self pulsation, for example, the width of the ridge structure 
and the thickness of the cladding layer, should be determined. Moreover, 
unless the device is precisely produced to satisfy the determined conditions, 
the self piilsation is impossible to achieve. 

A conventional nitride semiconductor laser device is shown next that 

15 has a region into which a smaller amount of current is injected, i.e., 

saturable absorber region, as the conventional device shown in Fig. 11. 

Fig. 12 is a cross-sectionad view showing a structure of the 
conventional nitride semiconductor laser device disclosed in Japanese 
Patent Laying-Open No. 2000-286504. 

20 The conventional nitride semiconductor laser device shown in Fig. 

12 is produced by depositing, on a sapphire substrate 121, an n-type contact 
layer 122 of GaN having a thickness of 4.5 ^m, an n-type cladding layer 123 
of AlbGai-bN having a thickness of 0.8 |am, an active layer 124 having a 
multiple quantum well structure, a p-type cladding layer 125 of AlaGai-aN 

25 having a thickness of 0.8 jam, n-type current-constricting layers 126 and 127 
of AlcGai-cN, and a p-tj^e contact layer 128 of GaN having a thickness of 
0.05 |im. 

P-type cladding layer 125 is constituted of a flat portion 125a formed 
to cover a surface of active layer 124 and a two-stripe portion constituted of a 
30 lower stripe portion 125b and an upper stripe portion 125c protruding 

upward from the central part of flat portion 125a. The top surface of the 
two-stripe portion contacts p-tj^e contact layer 128 and the lateral sides 
thereof contact n-type current-constricting layers 126 and 127. Here, the 
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width of upper stripe portion 125c is made smaller than the width of lower 
stripe portion 125b. 

On n-type contact layer 122, an n-electrode 129 is formed. On p- 
type contact layer 128, a p-electrode 130 is formed. In active layer 124, weU 
5 layers of InxGai xN having a thickness of 8 nm and barrier layers of InyGai- 
yN having a thickness of 16 nm are stacked alternately. In the device 
structure shown in Fig. 12, n-type current-constricting layers 126 and 127 
made of AlcGai cN has a refractive index which is made smaller than that of 
p-type cladding layer 125 made of AlaGai aN (0 < a < c < 1) and thereby a 

10 real-refractive-index waveguide structure is implemented. 

This conventional nitride semiconductor laser device efficiently uses, 
as a saturable absorber region, the region into which a smaller amount of 
current is injected. Then, the ridge is formed so that the width of the ridge 
for current injection and the width of a region where a transverse mode of 

15 laser light spreads are different from each other. Neither P-electrode 130 
nor n-electrode 129 is divided. P-electrode 130 is formed on the top surface 
of p-type contact layer 128 while n-electrode 129 is formed on the top surface 
of n-type contact layer 122 and they are provided as a pair of electrodes. 
According to the above-discussed method, a region into which a 

20 smaller amount of current is injected is used as the saturable absorber 

region. Alternatively, a saturable absorber region and a Hght-ampUfying 
region may be provided in advance in fabricating the device. In this case, 
the carrier lifetime and the differential gain are adjusted by adding 
impurities so as to satisfy the parameter conditions for causing the self 

25 pulsation and accordingly, a layer serving as the saturable absorber region 
and a layer serving as the light-amplifying region are produced. Such a 
conventional self-pulsating semiconductor laser is shown in Fig. 13. 

Fig. 13 is a cross-sectional view showing a structure of a self- 
pulsating semiconductor laser device disclosed in Japanese Patent Laying- 

30 Open No. 8-204282. 

The conventional self-pulsating semiconductor laser device shown in 
Fig. 13 includes an n-electrode 141, an n-type GaAs substrate 142, an n-t5T)e 
AlGalnP cladding layer 143, an n-type AlGalnP saturable absorber layer 
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144, an n-type AlGalnP cladding layer 145, an AlGalnP active layer 146, a 
p-type AlGalnP cladding layer 147, a p-tjT)e AlGalnP saturable absorber 
layer 148, a p-t3T)e AlGalnP cladding layer 149, n-t5T)e GaAs current- 
blocking layers 150 and 151, a p-type GaAjs contact layer 152 and a p- 
5 electrode 153. 

This laser device has saturable absorber layers 144 and 148 in itself 
that have the light-absorbing effect, and carriers in these saturable absorber 
layers 144 and 148, and carriers and oscillating Hght in active layer 146 
which is a Hght-amplifying region cooperate with each other to cause self- 

10 pulsation. The laser satisfying the self-piQsating condition can produce an 
optical output with a periodical change in intensity, which is achieved by 
injection of direct current into the light-amplifying region. 

When the above-discussed method is used to cause the self pulsation, 
however, the composition of the device and conditions of the structure 

15 thereof are limited. For example, in order to fabricate saturable absorber 
layers 144 and 148 and active layer 146 which is a light-amplifying region 
by adding impurities thereto, the carrier lifetime and the differential gain of 
the saturable absorber regions and the Hght-ampUfying region should be 
adjusted. 

20 According to the methods as described above, the intensity of an 

optical output is periodically changed by using the self pulsation. There is 
another method for producing a modulated optical output, which is 
specifically a high-frequency superimposition method according to which a 
current modulated by the high frequency is injected. For example, 

25 according to a technique disclosed in Japanese Patent Laying-Open No. 60- 
35344, pulsed lasing is caused by superimposing a modidation current of 
high frequency on an operating current near a lasing threshold of a laser. 

Fig. 14 illustrates operational characteristics of the conventional 
semiconductor laser disclosed in Japanese Patent Lasdng-Open No. 60- 

30 35344. 

In Fig. 14, (a) indicates an injection-current to optical-output 
characteristic curve of the conventional semiconductor laser, with the 
horizontal axis representing an injection current and the vertical axis 
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representing an optical output produced according to the injection current. 
To the semiconductor laser having such an injection-current to optical- 
output characteristics, a current modulated in a range between a current 
value smaller than a lasing threshold Ith and a current value higher than 
5 the lasing threshold Ith as indicated by (h) in Fig. 14 is injected, so that an 
optical output of the semiconductor laser is modulated as indicated by (c) in 
Fig. 14. 

In this case, it is unnecessary to cause the self piilsation state and 
thus unnecessary to form a structure having the saturable absorber region 

10 and light-amplifying region in fabricating the device. Moreover, the 
amplitude of the modulation current to be injected can be increased to 
increase the amplitude of a resultant modulated optical output. 

There is a further method of producing a modulated optical output, 
according to which a semiconductor laser in a bistable state with a light- 

15 amplifjdng region and a saturable absorber region is provided and a current 
or voltage to be applied to the saturable absorber region is varied. 

Fig. 15 shows characteristics of an injection current injected into a 
hght- amplifying region vs. an optical output of a conventional 
semiconductor laser in a bistable state. 

20 As shown in Fig. 15, the conventional semiconductor laser in the 

bistable state exhibits hysteresis characteristics in the relation between the 
injection current and the optical output. The solid line indicated by A is 
herein referred to as lower hysteresis path and the dotted line indicated by B 
is herein referred to as upper hysteresis path. 

25 Referring to Fig. 15, as a current is injected into the light-amplifying 

region only, the optical output increases from P4 through PI along the path 
indicated by A. At this time, the carrier density in the saturable absorber 
region increases because of absorption of Ught generated in the light- 
amplifying region, and accordingly, the light-absorbing effect in the 

30 saturable absorber region decreases. 

Then, as the amount of a current injected into the light-amplifying 
region increases, the light-absorbing effect reaches saturation. Then, when 
the injection current attains IthON, the optical output suddenly increases 
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from Pi to P2. This IthON is herein referred to as rising threshold of 
hysteresis. 

Then, as the amount of the injection current is decreased, the optical 
output gradually decreases from P2 through P3 along the path indicated by 
5 B, since the saturable absorber region cannot immediately recover the 
hght-absorbing effect and thus the optical output does not dramatically 
decrease. At this time, as the carrier density as well as the optical output 
decrease, the light absorbing effect of the saturable absorber region is 
recovered. 

10 Then, as the amount of the injection current injected into the light- 

amplifjdng region is decreased, the light-absorbing effect is sufficiently 
recovered so that the optical output sharply decreases from P3 to P4 when 
the injection current reaches IthOFF. IthOFF is herein referred to as 
falling threshold of hysteresis. 

15 The shape of the hysteresis paths changes according to voltage 

application or current injection to the saturable absorber region. When a 
voltage is apphed to or a current is injected into the saturable absorber 
region, the carrier density increases and the light-absorbing effect decreases. 
Then, the whole hysteresis shifts to a region where the injection current is 

20 lower, so that IthON decreases. In this way, by increasing/decreasing the 
hght-absorbing effect of the saturable absorber region, the lasing threshold 
can be changed. A conventional driving method of this type as described 
above is shown in Figs. 16 and 17. 

Fig. 16 is a schematic cross-sectional view showing a structure of a 

25 conventional semiconductor laser device in a bistable state disclosed in 
Japanese Patent Laying-Open No. 2-137383. 

The conventional bistable semiconductor laser shown in Fig. 16 is a 
transverse-mode-controUed semiconductor laser of AlGaAs/GaAs formed on 
a GaAs substrate. One of electrodes of the laser is divided to provide a 

30 Hght- amplifying region 161 and a saturable absorber region 162 in an active 
layer 163. Then, according to voltages VI and V2 appUed to saturable 
absorber region 162, a lasing threshold current injected into Hght- 
amplifying region 161 is varied. In other words, a bias current IB applied 
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to light- amplifying region 161 is set to an intermediate value of lasing 
thresholds according to voltages VI and V2, and a signal voltage V which 
changes between VI and V2 is appHed to saturable absorber region 162. 
Fig. 17 shows an injection current - optical output characteristic 
5 curve of the conventional bistable semiconductor laser shown in Fig. 16. 

Since saturable absorber region 162 which is a loss for oscillating 
Hght is provided in active layer 163, the optical output non-linearly 
increases at a current value, when a current is injected into light-amplifying 
region 161 only. This lasing threshold current Ihl or Ih2 changes 
10 according to the amount of light absorbed in saturable absorber region 162. 
The threshold current decreases as the amount of absorbed light increases. 
When the voltage applied to the saturable absorber region increases from VI 
to V2 (VI < V2), the amount of absorbed light in saturable absorber region 
162 accordingly increases so that the lasing threshold current decreases 
15 from Ihl to Ih2. 

Thus, as shown in Figs. 16 and 17, a certain bias current IB (Ih2 < IB 
< Ihl) is injected into Ught-amplif5dng region 161 while a signal voltage V 
changing from Vl to V2 is appHed to saturable absorber region 162, so that 
the lasing threshold current varies between Ihl and Ih2 to produce a 
20 modulated optical output P. 

The conventional art shown in Figs. 11-13 according to which a 
modulated optical output is produced by using self pulsation has a problem 
that the composition and structure of the device are limited in fabricating 
the device. 

25 If the composition in fabricating the device is utilized to provide a 

saturable absorber region and a hght-amphfying region, the ratio between 
the saturable absorber region and the light-amplifying region in terms of 
carrier lifetime as well as in terms of differential gain must be adjusted. 
However, the range of parameters satisfying the self pulsation condition is 

30 narrow so that the freedom of fabrication is lessened. In particular, the 
nitride semiconductor laser shown in Fig. 12 confronts a serious problem 
that the value of the differential gain cannot be changed to a great degree 
due to characteristics of the nitride. 
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In general, the balance of the carrier density between the saturable 
absorber region and the light-amplifying region determines whether the 
semiconductor laser enters a self -pulsating state or bistable state. The 
balance can be adjusted by using the ratio in terms of the length in the 
5 direction of the resonator, the ratio in terms of the carrier lifetime and the 
ratio in terms of the differential gain, between these regions. In a laser in 
the self-pulsating state, the carrier lifetime of the light-amplifying region 
should be longer than that of the saturable absorber region and the 
differential gain of the light-amplifying region should be smaller than that 

10 of the saturable absorber region. Then, it is necessary that the ratio in 
terms of the differential gain and the ratio in terms of the carrier lifetime 
are in specific ranges respectively. 

Specific values of these parameters vary depending on 
characteristics of a semiconductor. For a nitride semiconductor laser, the 

15 ratio of the differential gain between the saturable absorber region and the 
Hght-amphfying region must be made larger than that of a GaAs-based red 
semiconductor laser for example. It is noted that, if there is a greater 
difference between the saturable absorber region and the light- amplifying 
region in terms of the gradient of a gain characteristic curve with respect to 

20 the carrier density, namely the differential gain, the self pulsation is more 
easily caused. 

More specifically, a greater gradient of a gain characteristic curve 
with respect to the carrier density in the saturable absorber region makes it 
possible to change the carrier density with less absorption of light. 

25 Accordingly, the carrier density can be changed easily. A great change in 
carrier density in the saturable absorber region causes a change in light- 
absorbing effect. For the nitride semiconductor laser, however, it is 
extremely difficult to provide different differential gains respectively of the 
saturable absorber region and the light- amplifying region due to 

30 characteristics of the nitride. 

Fig. 18 shows gain characteristic curves in a saturable absorber 
region and a light- amplifying region of semiconductor lasers. The soUd line 
represents gain characteristics of a GaAs semiconductor laser and the 
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broken line represents gain characteristics of a GaN semiconductor laser. 

Carriers of the GaN semiconductor laser have a larger efifective mass 
than that of carriers of a red semiconductor laser. Regarding the GaN 
semiconductor laser, as shown in Fig. 18, the difference in gradient between 
5 the section of the gain characteristic curve in the saturable absorber region 
(absorbing region) and that in the hght-amphfying region (gain region) is 
smaller than that of the GaAs semiconductor laser which is a red 
semiconductor laser. Therefore, the ratio between differential gains 
respectively in those regions represented by the inclination of the gain 

10 characteristic curve is approximately 1 and thus the laser cannot satisfy the 
self -pulsating condition. Moreover, the nitride semiconductor laser 
including the GaN semiconductor laser has a problem that it is difficult to 
change the differential gain by addition of impurities, in contrast to the red 
semiconductor laser. 

15 For the reason above, it is difficult to produce the nitride 

semiconductor laser by adjusting the carrier lifetime and the differential 
gain so as to allow the saturable absorber region and the light- amplifying 
region to satisfy the self-pxilsating condition. No method has been found to 
surely cause the self pulsation. 

20 In addition, as shown in Fig. 12, when the ridge is provided in the 

structure of the nitride semiconductor laser so as to produce regions into 
which different amounts of currents are injected and thereby produce a 
saturable absorber region and a light- amplifying region, numerous and 
detailed conditions in terms of the structure, such as the width and 

25 thickness of the ridge, the thickness of the multi-layer along the boundary of 
the ridge, the thickness of the cladding layer and etching conditions, must be 
optimized. Moreover, technique for precisely fabricating the device under 
the resultant conditions is necessary. 

Then, in order to achieve the self pulsation by the structure as 

30 shown in Fig. 12, many conditions should be defined first. Even if the 
conditions are established, there remains a problem that the yield of 
products is poor due to unsatisfactory technique of fabricating the devices. 
Thus, regarding the nitride semiconductor laser, there has been no method 
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for manufacturing a laser device producing the self-pulsating state. 

Regarding the method as shown in Fig. 14 that is a high-frequency 
superimposing method for obtaining a modulated optical output without 
using the self -pulsating state, a great amplitude of a modulation current to 
5 be injected is necessary for producing an optical output with an amplitude 
required for achieving the effect of reducing noise. A resultant problem is 
that, when a great optical output which is necessary to be appHed to a 
pickup device for a high-density recording medium is produced, power 
consumption and generated heat increases. 

10 Further, regarding the method as shown in Fig. 15 of 

increasing/decreasing the voltage to be appUed to the saturable absorber 
region of a bistable semiconductor laser and increasing/decreasing the 
resistance thereof so as to adjust the lasing threshold of the laser and 
thereby produce a modulated optical output, it is necessary to apply a 

15 voltage or current of a large amplitude to the saturable absorber region in 
order to produce an optical output of a large amplitude which is enough to 
reduce feedback hght. However, if the voltage or current of a large 
amplitude is apphed to the saturable absorber region, a high voltage or 
current must be appKed accordingly. 

20 Then, when a modulated optical output is to be produced by the 

method as shown in Fig, 15, it is likely that the saturable absorber region 
saturates and thus an optical output has a small change in intensity. As a 
result, the optical output has a small amplitude and further, a pulsed optical 
output is hard to produce. Accordingly, the coherence is difficult to reduce, 

25 which lowers the effect of removing feedback-induced noise. 

The problems of conventional techniques discussed above are 
summarized as follows. 

For such a high-density recording medium as DVD which has a 
multi-layer structure, an output of at least 8 mW is required even for 

30 reading. Therefore, conventional GaAs-based self -pulsating semiconductor 
lasers cannot be used for such a medium. 

Instead of the conventional semiconductor lasers, a nitride 
semiconductor laser is now being developed for use as a next-generation 
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device. Although the nitride semiconductor laser produces a high output, 
this laser is difficxxlt to produce due to a narrow range of conditions for 
achieving the self -pulsating state. For a conventional semiconductor laser 
having a ridge in its structure for providing a saturable absorber region and 
5 thereby producing the self-pulsatLng state, it is difficult to specify conditions 
of the structure. Moreover, the self -pulsating state cannot be produced 
unless the device is precisely fabricated, and thus the yield is poor. 

For a conventional semiconductor laser into which an injection 
current modulated to be temporarily lower than the lasing threshold is 

10 injected so as to obtain a pvilsed optical output, if the maximum value of the 
current is increased for producing an optical output having an amplitude 
which is large enough to reduce feedback-induced noise, the ampUtude of 
the modxilation current must be increased, resvdting in a problem of a 
greater load on a modvdating circuit. 

15 Moreover, for a conventional semiconductor laser for which a voltage 

to be appHed to the saturable absorber region of the semiconductor laser in 
the bistable state is increased/decreased in order to modulate an optical 
output, the lasing threshold of the laser must be switched with a wide range 
for producing a high optical output necessary for a pickup device of a high- 

20 density recording medium. Then, as the lasing threshold is increased, the 
value of current to be injected into the hght-amplifying region should be 
increased. 

SUMMARY OF THE INVENTION 

An object of the present invention is to provide a semiconductor laser, 
25 a semiconductor laser driver and a method of driving a semiconductor laser, 

with a device structure easy to produce, low power consumption and reduced 

feedback-induced noise. 

The present invention according to one aspect is a semiconductor 

laser reducing feedback-induced noise by a modulated optical output, and 
30 includes an active layer having a Hght-amplifying region and a saturable 

absorber region formed to allow the semiconductor laser to be in a bistable 

state, an electrode of a first polarity, and an electrode of a second polarity 

provided in relation to the electrode of the first polarity. At least one of the 
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electrode of the first polarity and the electrode of the second polarity is 
divided to allow a current to be injected independently into the light- 
amplifjdng region and the saturable absorber region. 

Preferably, the active layer has two light-amplifying regions formed 
5 on lateral sides respectively of the saturable absorber region, and the two 
light-amplifying regions have respective emission surfaces of the 
semiconductor laser. 

More preferably, the current is generated by superimposing a noise 
current on a modulation current, and the intensity of the modulation 
10 current and the intensity of the noise current are adjusted with respect to 
each other so as to allow the modulated optical output to have a large 
amplitude and achieve an effect of reducing the feedback-induced noise. 

Still more preferably, the modxilation current has a rectangular 

wave. 

15 Still more preferably, the noise current has a random intensity 

change. 

Still more preferably, a ratio of the length of the saturable absorber 
region to the entire length of a resonator in the direction of the resonator is 
at least 1% and at most 50%. 

20 Still more preferably, a difference between a maximum value and a 

minimum value of the noise current is at most an ampUtude of the 
modulation current injected into the hght- amplifying region. 

A semiconductor laser according to another aspect of the present 
invention includes a bxiffer layer formed on a substrate, a contact layer of a 

25 first conductivity type formed oil the buffer layer and having a cut formed in 
the contact layer, first and second electrodes of the first conductivity t5^e 
formed on the contact layer of the first conductivity type and separated firom 
each other by the cut, a cladding layer of the first conductivity type formed 
on the contact layer of the first conductivity type without being separated by 

30 the cut, an active layer formed on the cladding layer of the first conductivity 
type, a cladding layer of the second conductivity type formed on the active 
layer, first and second contact layers of the second conductivity type formed 
on the cladding layer of the second conductivity type separately from each 
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other, a first electrode of the second conductivity type formed on the first 
contact layer of the second conductivity tj^e, and a second electrode of the 
second conductivity type formed on the second contact layer of the second 
conductivity type. 

5 Preferably, the substrate is made of sapphire, the buffer layer is 

made of GaN, the contact layer of the first conductivity type is made of GaN, 
the active layer has a multiple quantum well structure formed of an 
Ino.2Gao.8N quantum well layer and an Ino.05Gao.95N barrier layer, and the 
contact layer of the second conductivity type is made of GaN. 

10 The present invention according to still another aspect is a 

semiconductor laser driver driving a semiconductor laser reducing 
feedback-induced noise by a modulated optical output, and the driver 
includes the semiconductor laser, a modulation current supply circuit 
supplying a modulation current to the semiconductor laser, and a noise 

15 current supply circxiit suppl5dng a noise current to the semiconductor laser. 
The semiconductor laser includes an active layer having a Hght-amplifying 
region and a saturable absorber region formed to allow the semiconductor 
laser to be in a bistable state, an electrode of a fixst polarity, and an 
electrode of a second polarity provided in relation to the electrode of the first 

20 polarity. At least one of the electrode of the first polarity and the electrode 
of the second polarity is divided to allow a current to be injected 
independently into the light-amplifjdng region and the saturable absorber 
region. 

Preferably, the active layer has two Ught-amplif5dng regions formed 
25 on lateral sides respectively of the saturable absorber region, the two light- 
amplifying regions have respective emission surfaces of the semiconductor 
laser, and the semiconductor laser driver further includes, in order to control 
light which is output firom one of the emission surfaces of the semiconductor 
laser, a monitor unit monitoring light which is output from the other 
30 emission surface of the semiconductor laser. 

More preferably, the current is generated by superimposing a noise 
current on a modulation current, and the intensity of the modxdation 
current and the intensity of the noise current are adjusted with respect to 
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each other so as to allow the modulated optical output to have a large 
amplitude and achieve an effect of reducing the feedback-induced noise. 
Still more preferably, the modulation current has a rectangular 

wave. 

5 Still more preferably, the noise current has a random intensity 

change. 

Still more preferably, a difference between a maximum value and a 
minimum value of the noise current is at most an amplitude of the 
modulation current injected into the light-amplifying region. 

10 Still more preferably, the noise current supply circuit includes a 

photoelectric conversion element converting light output from the 
semiconductor laser into an electric signal, a high -pass filter extracting only 
a frequency component higher than a modulation firequency of the 
modulation current from the electric signal which is output from the 

15 photoelectric conversion element, and a preamphfier adjusting the electric 
signal having the high-fi:equency component extracted by the high-pass 
filter to inject the adjusted electric signal as the noise current into the 
semiconductor laser. 

Still more preferably, the driver further includes a coupling unit 

20 coupUng the modulation current with the noise current to inject a resultant 
current into the hght- amplifying region of the semiconductor laser, and a 
constant current supply circuit injecting a constant current into the 
saturable absorber region of the semiconductor laser. 

The present invention according to a further aspect is a 

25 isemiconductor-laser driving method for driving a semiconductor laser 
reducing feedback-induced noise by a modulated optical output. The 
method includes the steps of converting light which is output from the 
semiconductor laser into an electric signal, extracting, from the electric 
signal, only a frequency component higher than a modulation frequency of a 

30 modulation current to be injected into the semiconductor laser, and 

adjusting the electric signal of the extracted high-fi:equency component to 
inject, into the semiconductor laser, the adjusted electric signal as noise 
current to be injected into the semiconductor laser. 
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Preferably, a difference between a maximum value and a minimum 
value of the noise currient is at most an amplitude of the modulation current 
injected into a light- amplifying region of the semiconductor laser. 

The present invention according to a further aspect is a 
5 semiconductor-laser driving method for driving a semiconductor laser 
reducing feedback-induced noise by a modulated optical output. The 
method includes the steps of coupling a modulation current with a noise 
current to inject a resultant current into a hght- amplifying region of the 
semiconductor laser, and injecting a constant current into a saturable 
10 absorber region of the semiconductor laser. 

Preferably, a difference between a maximum value and a minimum 
value of the noise current is at most an ampHtude of the modulation current 
injected into the light-amplif5dng region. 

Thus, according to the present invention, a bistable semiconductor 
15 laser which is easier to produce as compared with a self-pulsating 

semiconductor laser can be used to produce high-power laser light with 
lower power consumption, a smaller load on the circuitry and excellent noise 
characteristics, and thereby reduce feedback -induced noise. 

The foregoing and other objects, features, aspects and advantages of 
20 the present invention will become more apparent from the following detailed 
description of the present invention when taken in conjunction with the 
accompanjang drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic side cross-sectional view of a resonator of a 
25 nitride semiconductor laser according to a fixst embodiment of the present 
invention. 

Figs. 2A, 2B and 2C illustrate a current which is injected into an 
active layer of the nitride semiconductor laser according to the first 
embodiment of the present invention. 
30 Fig. 3 Olustrates operational characteristics of the nitride 

semiconductor laser according to the fixst embodiment of the present 
invention. 

Fig. 4 shows a relative noise intensity (RIN) of an optical output 
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with respect to feedback light, when the intensity of additional noise is 
varied. 

Fig. 5A shows an optical output when a modulation current has a 
sine wave and Fig. 5B shows an optical output when the modulation current 
5 has a rectangular wave. 

Fig. 6 shows dependency of the relative noise intensity (RIN) on the 
additional noise intensity in the first embodiment. 

Fig. 7 shows a configuration of a semiconductor laser device and its 
driver circuit according to a second embodiment of the present invention. 
10 Fig. 8 shows a configuration of a semiconductor laser device and its 

driver circmt according to a third embodiment of the present invention. 

Fig. 9 is a side cross-sectional view of a resonator of a nitride 
semiconductor laser according to a fourth embodiment of the present 
invention. 

15 Fig. 10 is a perspective view showing a structure of a semiconductor 

laser device according to a fifth embodiment of the present invention. 

Fig. 1 1 is a cross-sectional view exemplaiily showing a structure of a 
conventional self -pulsating semiconductor laser. 

Fig. 12 is a cross-sectional view showing a structure of a 
20 conventional nitride semiconductor laser device. 

Fig. 13 is a cross-sectional view showing a structure of a 
conventional self -pulsating semiconductor laser device. 

Fig. 14 illustrates operational characteristics of a conventional 
semiconductor laser. 

25 Fig. 15 ishows characteristics of an injection current injected into a 

Hght-ampltfying region vs. optical output of a conventional bistable 
semiconductor laser. 

Fig. 16 is a schematic cross-sectLonal view showing a structure of a 
conventional bistable semiconductor laser device. 
30 Fig. 17 shows a characteristic curve of injection current vs. optical 

output of the conventional bistable semiconductor laser shown in Fig. 16. 

Fig. 18 shows gain characteristic curves in a saturable absorber 
region and a Hght-amplLfying region of semiconductor lasers. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Embodiments of the present invention are hereinafter described in 
detail with reference to the drawings. It is noted that like components are 
denoted by Hke reference characters in the drawings and description thereof 
5 is not repeated here. 

First Embodiment 

Fig. 1 is a schematic side cross-sectional view of a resonator of a 
nitride semiconductor laser according to a first embodiment of the present 
invention. 

10 The nitride semiconductor laser device of the first embodiment 

shown in Fig. 1 uses an n-type gallium substrate 8, and an active layer is 
divided in the direction of the resonator into two regions, i.e., a hght- 
amplif5dng region 3 and a saturable absorber region 4. Light-amplifying 
region 3 and saturable absorber region 4 are produced to satisfy conditions 

15 that allow the semiconductor laser to be in a bistable state. Here, the 
length of saturable absorber region 4 in the direction of the resonator is 
approximately 10% of the entire length of the resonator. 

In addition, for hght- amplifying region 3 and saturable absorber 
region 4 respectively, p-electrodes 1 and 2 are provided separately and 

20 independently of each other and a common p-t5T)e cladding layer 7 is 

provided under p-electrodes 1 and 2. From this p-electrode 1, an injection 
current I which is modulated and to which noise is added is injected. 
Injection current I is detailed hereinlater. Moreover, n-electrodes 5 and 6 
are provided respectively for p-electrodes 1 and 2. Above n-electrodes 5 and 

25 6, n-t5^e gallium substrate 8 is provided that serves as a common n-type 
cladding layer. 

Since the active layer is divided into the two regions, i.e., Hght- 
amplifying region 3 and saturable absorber region 4 and the upper and 
lower electrodes are divided according to the division of the active layer, the 
30 resultant structure facilitates independent control of injection of currents 
respectively into light-amplifying region 3 and saturable absorber region 4. 
Thus, interference can be avoided between the current flowing through 
saturable absorber region 3 and the current flowing through hght- 
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amplifying region 4. Although both of the upper and lower electrodes are 
shown to be divided, this is merely an example. It is enough that at least 
one of the upper and lower electrodes is divided so that independent 
injection of the current can be done. 
5 Respective lengths of light- amplifying region 3 and saturable 

absorber region 4 in the direction of the resonator as well as the carrier 
lifetime and the differential gain of each of the regions are defined to satisfy 
conditions for ensuring a bistable state. Then, by injection of a current into 
light-amplifying region 3, the semiconductor laser enters the bistable state. 

10 In contrast to the self-pulsating state, the bistable state does not 

require a high differential-gain ratio between the light-amplifjdng region 
and the saturable absorber region. Therefore, the bistable state can easily 
be produced in a nitride semiconductor laser. In addition, to satisfy 
conditions for ensuring a bistable state means that the product of the 

15 carrier-lifetime ratio and the differential-gain ratio between the Hght- 

amplifying region and the saturable absorber region is a certain value or 
less. Then, parameters of the carrier lifetime and the differential gain may 
be selected from a wide range and accordingly the degree of freedom of 
selection increases. Even if the differential-gain ratio cannot be adjusted, 

20 the carrier-lifetime ratio may appropriately be adjusted to produce the 
bistable state. 

In this way, the bistable state can easily be produced in the nitride 
semiconductor laser. Therefore, even the nitride semiconductor laser in 
which the self-pulsating state is dif&cxilt to establish can produce a 

25 modulated optical output in the bistable state. 

Further, a very small modulation current which is almost equal to a 
lasing threshold together with noise can be injected into light-amplifying 
region 3 to generate a modulated optical output firom the semiconductor 
laser in the bistable state even if the operating current of the laser is almost 

30 equal to the lasing threshold of the laser. Then, with smaller power 

consumption as compared with that of the conventional devices, feedback- 
induced noise can be reduced. In particular, since even the nitride 
semiconductor laser in which the self-pxdsating state is difficult to establish 
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can produce a modulated optical output, the nitride semiconductor laser can 
readily be applied to a high- density recording medium which reqmres at 
least 8 mV even for reading. 

According to the first embodiment, impurities are added to a region 
5 in the active layer that is to serve as saturable absorber region 4 in order to 
adjust the carrier lifetime. Here, as the impurities, 1 x 10^^ cm-^ of Si is 
added. 

An operation of the first embodiment is now described. A current 
which has a non-periodic and random change in intensity and is injected as 
10 noise for modulation current into the active layer is herein referred to as 
"additional noise" which shoxild be distinguished from "feedback-induced 
noise." 

Figs. 2A, 2B and 2C illustrate an injection current I injected into the 
active layer of the nitride semiconductor laser according to the first 

15 embodiment of the present invention. 

Fig. 2A shows a time waveform of a modxilation current with a 
rectangular wave. Fig. 2B shows a time waveform of a current to which noise 
is added (additional noise). Fig. 2C shows a time waveform of a current 
which is the modulation current in Fig. 2A on which the additional noise in 

20 Fig. 2B is superimposed. The current shown in Fig. 2C is used as injection 
current I to be injected into the active layer of the nitride semiconductor 
laser of the first embodiment. 

Injection current I is injected independently into light- amplifying 
region 3 and saturable absorber region 4 via p-electrodes 1 and 2 

25 respectively. As described above, this injection current I is produced by 
adding white noise to a modulation current which is produced by 
superimposing a high-frequency current on a DC operating current. 
Injection current I is injected via p-electrode 1 into light-amplifying region 3. 
The modulation current is a current modulated by a rectangular 

30 wave, and the frequency of the modulation current is approximately 100 

MHz. A constant current to be injected into saturable absorber region 4 is 
1.0 mA. Here, in terms of the injection-current to optical-output 
characteristics, the rising threshold of the hysteresis is 20 mA and the 
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falling threshold thereof is 16 mA. Then, the maximum and minimum 
values of the modulation current to be injected into light- amplifying region 3 
are set respectively to 19.7 mA and 15 mA. 

It is noted that, a half of the difference between the maximum value 
5 and the minimum value of the modvdation current having a periodic 

intensity change is herein referred to as "amplitude" of the modulation 
current, and the difference between the maximum value and the minimum 
value of the noise shown in Fig. 2B is herein referred to as "maximum 
amplitude of noise." 

10 Fig. 3 illustrates operational characteristics of the nitride 

semiconductor laser according to the first embodiment of the present 
invention (see together with Fig. 14). 

In Fig. 3, (a) shows injection-current to optical-output characteristics 
of the semiconductor laser, the horizontal axis representing an injection 

15 current while the vertical axis representing an optical output generated 

according to the injection current. In Fig. 3, (b) shows the time waveform of 
injection current I described in connection with Fig. 2C. In Fig. 3, (c) shows 
a time waveform of the optical output resultant from injection of injection 
current I shown by (b) into the semiconductor laser. 

20 Under (a) in Fig. 3, Ithl indicates a value of the current at which the 

state of the optical output makes a transition from the lower hysteresis path 
represented by the sohd line to the upper hysteresis path represented by the 
broken line, namely a rising threshold of the hysteresis. Ith2 indicates a 
value of the current at which the state of the optical output makes a 

25 transition from the upper hysteresis path to the lower hysteresis path, 

namely a falling threshold of the hysteresis. Rising threshold Ith2 of the 
hysteresis is indicated by the broken lines in Figs. 2A and 2C. 

As shown in Fig. 2A, the maximum intensity of the modulation 
current to which noise has not been added is set to an intensity lower than 

30 rising threshold Ith2 of the hysteresis. Therefore, injection of the 

modulation current shown in Fig. 2A into the active layer merely causes the 
optical output to stay on the lower hysteresis path on the injection -current to 
optical-output characteristic curve and the optical output cannot make a 
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transition to the upper hysteresis path. 

By adding the additional noise shown in Fig. 2B to the modulation 
current in Fig. 2 A, the maximum value of the modulation current to which 
the additional noise is added becomes higher than rising threshold Ith2 of 
5 the hysteresis as shown in Fig. 2C. Then, after the modulation current 

reaches the maximum value, it becomes lower than Ith2 again and makes a 
transition to the lower hysteresis path. When the transition occurs 
between the upper hysteresis path and the lower hysteresis path, the optical 
output suddenly increases/decreases. 

10 Accordingly, as shown by (c) in Fig. 3, a modulated optical output 

with a great amplitude with its intensity periodically modulated can be 
produced. Here, the intensity of the additional noise is appropriately 
adjusted to be injected so that an effect of reducing feedback-induced noise is 
achieved by means of the optical output. 

15 Reasons for the above are that, an excessively low intensity of the 

additional noise cannot allow the transition to the upper hysteresis path so 
that an optical output having an amplitude necessary for reducing 
feedback-induced noise cannot be obtained and that, an excessively high 
intensity of the additional noise causes transition to the upper hysteresis 

20 irrespective of the cycle of the appearance of the maximum value of the 

modulation current and consequently the intensity of the optical output 
changes at random and thus feedback-induced noise cannot be reduced. 

In this way, the intensity of the additional noise is appropriately 
adjusted so as to achieve the effect of reducing feedback-induced noise by 

25 the optical output, and then injected into the light-amplifying region. 

The modulation current is adjusted to a value which is extremely small to 
the degree that an optical output resultant from injection of only this 
modulation current into the light-amplifying region has merely an 
extremely small value corresponding to the lower hysteresis path and 

30 thus feedback-induced noise cannot be reduced. When the maximum 
value of the modulation current and the current which is the additional 
noise injected into the light- amplifying region together with the 
modulation current are stochastically synchronized and consequently the 
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modulation current attains its maximum, transition to the upper 
hysteresis path can occur and accordingly the output amplitude increases 
and thus an optical output of a large amplitude can be obtained. 

By such a considerably small injection current, a modulated 
5 optical output with a large amplitude can thus be produced. The 
modulated optical output having an output power of 10 mW at the 
maximum and a large amplitude can accordingly be obtained by the 
modulation current. As a result, the effect of reducing feedback-induced 
noise can be achieved. Moreover, since the current is injected into 

10 saturable absorber region 4 independently of the current injected into 

light- amplifying region 3, the hysteresis can be controlled to decrease the 
lasing threshold and thereby drive the laser with a lower current or 
adjust the amplitude of the optical output. 

The intensity of the additional noise is appropriately adjusted 

15 and then added to the modulation current. Thus, the value of the 

current to be injected is changed at random around the central value of 
the modulation current. Then, the maximum value of the modulation 
current and a change of the intensity of the additional noise are 
stochastically synchronized and accordingly, a temporal transition to the 

20 upper hysteresis path can occur. In this way, a modulation current 

which is small to the degree that the transition to the upper hysteresis 
path is impossible can be injected to produce an optical output with a 
large amplitude. 

Here, if a periodic signal, instead of the noise, is added to the 

25 modulation current to make the transition to the upper hysteresis path, 
an optical output with a large amplitude can only be obtained when 
respective cycles of the periodic signals exactly match or the cycle of one 
of the signals is precisely a multiple of the cycle of the other signal so 
that respective maximum values are synchronized with each other. In 

30 such a case, if the waveform fluctuates due to thermal noise of the circuit 
for example, the effect of reducing feedback-induced noise is 
deteriorated. 

In contrast, noise having its intensity changing at random does 
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not have fixed cycle or frequency range and thus the noise is less 
influenced by fluctuations of current, therefore, the effect of reducing 
feedback-induced noise can be ensured. Moreover, there is an 
advantage that generation of the noise requires lower power consumption 
5 than generation of the periodic signal. 

Fig. 4 shows a relative noise intensity (RIN) of an optical output 
with respect to feedback light, when the intensity of additional noise is 
varied. 

As shown in Fig. 4, RIN has its minimum value when the 

10 intensity of the noise current is equal to an optimum noise intensity Dm, 
According to the first embodiment, the noise current having this 
optimum noise intensity Dm is added to the modulation current which is 
to be injected into the light- amplifying region. Thus, the noise with the 
appropriate intensity causes the extremely small modulation current to 

15 make a transition to the upper hysteresis path and accordingly a 

modulated optical output having a large amplitude can be produced. 
According to the first embodiment, the intensity of the additional noise is 
adjusted to set the maximum amplitude of the additional noise to 0.5 mA 
so that the intensity is equal to optimum noise intensity Dm which allows 

20 RIN to be minimum. 

Fig. 5A shows an optical output when a modulation current with a 
sine wave is used, and Fig. 5B shows an optical output when a 
modulation current with a rectangular wave is used. From a 
comparison between Figs. 5A and 5B, it is seen that modulation by means 

25 of the rectangular wave in Fig. 5B produces a greater optical output and 
a sharper pulse of the waveform. 

Fig. 6 shows dependency of the relative noise intensity (RIN) on 
the intensity of the additional noise according to the first embodiment. 
The solid line in the graph represents modulation by a 

30 rectangular wave and the broken line represents modulation by a sine 
wave. For reading of an optical disk, RIN should be equal to or lower 
than -130 dB/Hz. The modulation by the rectangular wave provides a 
greater range which allows RIN to be equal to or lower than -130 dJB/Hz, 
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as compared with the modulation by the sine wave. Moreover, the 
minimum value of RIN obtained through the modulation with the 
rectangular wave is smaller than that through the modulation with the 
sine wave. 

5 The rectangular wave can thus be used to increase the amplitude 

of the optical output and thus obtain the modulated optical output with a 
lower current. Further, a wider range of the additional noise intensity 
can be used in driving the laser. Then, a wide range of parameters can 
be provided in driving, and noise can readily be reduced. 

10 The length of saturable absorber region 4 in the direction of the 

resonator may not be approximately 10% of the entire length of the 
resonator as defined according to the first embodiment. With other 
lengths, a modulated output with the same output power and waveform 
can be produced and the similar effect to that of the first embodiment can 

15 be achieved. 

If the ratio of the length of saturable absorber region 4 to the 
entire length of the resonator in the direction thereof is smaller, it 
becomes difficult to achieve the bistable state of the semiconductor laser. 
In particular, if a semiconductor laser having the ratio of the length 

20 which is less than 1% is to be manufactured, the manufacturing process 
is troublesome and selection of diffusion materials is difficult. 
Therefore, the ratio of the length of saturable absorber region 4 to the 
entire length of the resonator in the direction thereof is preferably at 
least 1%. 

25 On the contrary, if the ratio of the length of saturable absorber 

region 4 to thie entire length of the resonator in the direction of the 
resonator is larger, the lasing threshold current accordingly increases. 
In particular, if the ratio exceeds 50%, the power consumption 
considerably increases resulting in an increase of generated heat. 

30 In addition, if the ratio of the length of saturable absorber region 

4 to the entire length of the resonator in the direction thereof increases, 
the injection current should be increased to optimize the shape of the 
hysteresis. In particular, if the ratio exceeds 50%, a considerable 
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increase in power consumption and a resultant increase in generated 
heat occur. Further, if the shape of the hysteresis is not optimum, the 
effect of reducing feedback-induced noise by stochastic resonance 
decreases and an optical output response deteriorates. 
5 For the reasons above, the ratio of the length of saturable 

absorber region 4 in the direction of the resonator to the entire length of 
the resonator is preferably at least 1% and at most 50%, which facilitates 
establishment of the bistable state, decreases the lasing threshold 
current and allows the shape of the hysteresis to appropriately be 

10 determined. In addition, with smaller power consumption and smaller 
heat generation, advantages are obtained that the effect of reducing 
noise by stochastic resonance is achieved and that conditions for 
fabricating the device can readily be satisfied. 

Although white noise is used as the additional noise in the first 

15 embodiment, any noise having its intensity changing non-periodically 
and randomly can be employed to achieve the effect of reducing noise 
similar to that of the first embodiment. 

Moreover, the modulation of the operating current to be injected 
into light-amplifying region 3 may be of any wave except for the 

20 rectangular wave. However, the modulation by the rectangular wave 
provides a greater change in carrier density within the active layer so 
that a higher optical output and a sharper pulse waveform can be 
produced. Thus, the rectangular wave is preferred since the amplitude 
of the optical output can be improved and driving can be done with lower 

25 current. 

In the first embodiment, the amplitude of the additional noise is 
set to 0.5 mA so that the intensity of the additional noise is equal to the 
optimum noise intensity Dm which allows RIN to be minimum. 
However, the noise intensity is not limited to such a value on the 
30 condition that a resultant optical output has a value of the RIN that is 
required for the optical disk pickup. 

In this case> according to the first embodiment, if the maximum 
amplitude of the current, which is the additional noise, is equal to or 
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smaller than the width of the hysteresis shown by the injection-current 
to optical-output characteristics of the semiconductor laser, namely the 
difference (Ith2 - Ithl) between the rising threshold and the falling 
threshold of the hysteresis, a modulated optical output can be produced. 
5 If the additional noise is too strong, the waveform of the optical 

output could distort and thus the stochastic resonance does not occur. 
At any rate, if the maximum amplitude of the additional noise current is 
larger than the amplitude of the modulation current, the waveform and 
cycle of the modulation current cannot be reproduced and consequently 

10 an input signal cannot be detected. In contrast, if the maximum 

amplitude of the additional noise current is smaller than the amplitude 
of the modulation current, the amplitude of the optical output can further 
be increased, the value of RIN can be improved and the effect of reducing 
noise can be enhanced. Therefore, such an additional noise current is 

15 preferable. 

The frequency of the modulation current injected into light- 
amplifying region 3 may not be approximately 100 MHz which is used in 
the first embodiment, and thus may be any frequency which can produce 
a modulated optical output having the effect of reducing feedback- 

20 induced noise. 

Although the value of the modulation current which is injected 
into light-amplifying region 3 is 19.7 mA at the maximum in the first 
embodiment, the value is not limited to this. Suppose that there is an 
injection-current to optical-output characteristic curve when a certain 

25 current is injected into saturable absorber region 4. Then, if a 

modulation current supplied to light-amplifying region 3 has its intensity 
to the degree that transition to the upper hysteresis path does not occur, 
the effect similar to that of the first embodiment is achieved. 

In the first embodiment, the value of the modulation current 

30 supplied to light- amplifying region 3 is 15 mA at the minimum. The 

value is not limited to this. Suppose that there is an injection-current to 
optical-output characteristic curve when a certain current is injected into 
saturable absorber region 4. Then, if the minimum value of the 
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modulation current supplied to light-amplifying region 3 is equal to the 
rising threshold Ith2 or smaller of the hysteresis, a resultant optical 
output has the effect of reducing noise. However, if the minimum value 
of the modulation current injected into light- amplifying region 3 is equal 
5 to or smaller than the falling threshold Ithl of the hysteresis, the 

minimum value of the optical output decreases and the amplitude of the 
optical output increases so that the effect of reducing noise can be 
improved. 

In the first embodiment, the value of the injection current 

10 injected into saturable absorber region 4 is 1.0 mA. The value, however, 
is not limited to this. If the width of the hysteresis of the injection- 
current to optical-output characteristic curve of the semiconductor laser, 
which is determined by the value of the injection current to the saturable 
absorber region, is equal to or larger than the maximum amplitude of the 

15 additional noise current, the effect similar to that of the first embodiment 
can be achieved. 

Although two electrodes are provided according to the first 
embodiment, the number of electrodes is not limited to two. Any 
semiconductor laser having two or more electrodes and having a self- 

20 pulsating state can achieve the effect of reducing noise. 

Moreover, even if the additional noise current is injected into 
saturable absorber region 4 and the modulation current is injected into 
the light-amplifying region, a resultant optical output has the effect of 
reducing noise. In this case, since the range of the value of the current 

25 which can be injected into saturable absorber region 4 is narrow, it is 

difficult to appropriately determine the intensity of a modulated optical 
output. However, the timing at which the lasing threshold of the laser 
takes the minimum value (that varies depending on the amount of 
injected additional noise) is stochastically synchronized with the 

30 maximum value of the modulation current, so that the injection current 
becomes larger/smaller than the rising threshold Ith2 of the laser and a 
modulated optical output can thus be produced. 

The current injected into saturable absorber region 4 may not be a 
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constant current and may be a modulation current since the effect of 
reducing noise is achieved as well. In this case, although an extra 
modulator circuit is necessary, there is an advantage that the hysteresis 
can be changed by the amount of injection current and thereby 
5 characteristics of the optical output can be changed. 

The semiconductor laser device may be any which does not 
contain nitride, for example, GaAs-based semiconductor laser. In this 
case, there is an advantage that any wavelength different from that of 
the nitride semiconductor laser can be used. In the GaAs-based 
10 semiconductor laser, a self-pulsating state is easier to produce as 

compared with the nitride semiconductor laser. Then, depending on the 
circuit configuration, power consumption of the self -pulsating laser could 
be smaller. 

The additional noise current is added to the modulation current to 
15 be injected into light- amp lifjdng region 3. The additional noise current, 
however, may be injected independently into the electrode via another 
circuit. In this case, an extra circuit is necessary while there is an 
advantage that the intensity of noise can easily be adjusted. 

As heretofore discussed, according to the first embodiment, a 
20 bistable semiconductor laser which is easier to produce as compared with a 
self-pulsating semiconductor laser can be used to produce high-power laser 
light with lower power consumption, a smaller load on the circuitry and 
excellent noise characteristics, and thereby reduce feedback -induced noise. 
Second Embodiment 
25 Fig. 7 shows a configuration of a semiconductor laser device and its 

driver circuit according to a second embodiment of the present invention. 

A semiconductor laser device 12 shown in Fig. 7 is a bistable 
semiconductor laser device having a saturable absorber region as described 
in connection with the first embodiment. An injection current I to be 
30 injected into semiconductor laser device 12 is similar to that of the first 
embodiment. 

A modulation current supply circuit 11 is a driver circuit generating 
a modiilation current lo by superimposing a high-firequency current on a DC 
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operating current, and injecting the generated current into a light- 
amplif5dng region of semiconductor laser device 12. An optical output P, 
which is produced by the injection of modulation current lo from modulation 
current supply circuit 1 1 into the light-amplifying region of semiconductor 
5 laser device 12, is detected by a photo-receiving device 13 grounded via a 
resistor 18, and is input as an electric signal to a high-pass filter 15 via a 
coupling capacitor 14. High-pass filter 15 extracts only a frequency 
component higher than the modiilation frequency used in the modvilation 
current supply circuit 11. 

10 A preamplifier 17 determines the difference between a current 

having the extracted high-frequency component and a current from a 
reference current source 16. A resultant output with the intensity adjusted 
by preamplifier 17 is used as an additional noise N to be fed back into the 
Ught- amplifying region of semiconductor laser device 12. Here, the 

15 minimum amphtude of additional noise N is adjusted to 0.5 mA so that RIN 
of a resultant optical output has a minimum value, as done in the first 
embodiment. 

Accordingly, a modulated optical output having a large amphtude 
can be produced by a cooperative effect of the modulation current and the 
20 noise that can reduce feedback-induced noise. In the second embodiment, a 
modulated optical output having an optical output amphtude of maximum 
10 mW is produced. Here, the optical output amphtude refers to the 
difference between a maximum value and a minimum value of a resultant 
optical output. 

25 Although the maximum amphtude of the additional noise current is 

adjusted to 0.5 mA by preamplifier 17 in the second embodiment, the 
maximum amphtude is not limited to this. The noise intensity may be any 
which provides a resultant optical output having a value of RIN that is 
reqxiired for a pickup for an optical disk. 

30 In this case, a modvdated optical output can be produced in the 

second embodiment if the maximum amphtude of the additional noise 
curent is equal to or smaller than the width of the hysteresis of the 
injection-current to optical-output characteristic curve of the semiconductor 
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laser, namely the difference between the rising threshold and the falling 
threshold (Ith2 - Ithl) of the hysteresis. If the maximum amphtude of the 
additional noise curent is equal to or smaller than the amplitude of the 
modvilation current, the amplitude of an optical output can further be 
5 increased and the effect of reducing noise can be enhanced. Thus, such an 
amplitude of the noise is desirable. 

As discussed above, according to the second embodiment, a bistable 
semiconductor laser which is easier to produce as compared with a self- 
pulsating semiconductor laser can be used to produce high-power laser light 
10 with lower power consumption, a smaller load on the circuitry and excellent 
noise characteristics, and thereby reduce feedback-induced noise. 

Further, since the optical output of the semiconductor laser is used 
to produce the additional noise, the additional noise can be generated with a 
simple device configuration. 
15 Third Embodiment 

Fig. 8 shows a configuration of a semiconductor laser device and its 
driver circuit according to a third embodiment of the present invention. 

A semiconductor laser device 21 shown in Fig. 21 is a bistable 
semiconductor laser device having a saturable absorber region as provided 
20 in the fixst embodiment of the present invention. 

As the semiconductor laser device of the first embodiment, 
semiconductor laser device 2 1 shown in Fig. 8 has an active layer 
constituted of a hght-amplifying region 22 and a saturable absorber region 
23 arranged in the direction of the resonator, and has p-electrodes 24 and 25 
25 provided respectively for light-amplifying region 22 and saturable absorber 
region 23 and formed separately and independently of each other. To p- 
electrode 24, a modulation current supply circuit 27 and an additional noise 
supply circmt 28 are connected via a coupling unit 29. 

Modulation current supply circviit 27 employed in the third 
30 embodiment generates a modulation current lo by superimposing a high- 
frequency current on a DC operating current. Additional noise supply 
circmt 28 can generate a current N which is the additional noise having an 
intensity change of white noise. A constant current source 26 is connected 
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to p-electrode 25. 

An operation of the third embodiment is now described. 
Modulation current lo generated by modulation current supply 
circuit 27 and current N which is the additional noise generated by 
5 additional noise supply circuit 28 are superimposed by coupling unit 29. A 
resultant injection current to semiconductor laser device 21 is injected into 
light-amplifying region 22 via p-electrode 24. According to the third 
embodiment, the current injected into light-amplifying region 22 of 
semiconductor laser device 21 is driven as done in the first embodiment. 

10 From constant current source 26, a constant current is injected into 

saturable absorber region 23 via p-electrode 25. According to the third 
embodiment, the current generated by constant current source 26 has a 
value of 1.0 mA. As the first embodiment, a cooperative effect of the 
modulation current and the noise, a modulated optical output having an 

15 amphtude which is large enough to reduce feedback-induced noise can be 
produced. In the third embodiment, a modulated optical output of 
maximum 10 mW can be produced. 

Although the value of the constant current suppHed to saturable 
absorber region 23 is 1.0 mA in the third embodiment, this value is not 

20 limited thereto. The same effect as that of the third embodiment can be 
achieved if the width of the hysteresis of the injection-current to optical 
output chauracteristic curve of the semiconductor laser, which varies 
depending on the value of the injection current injected into saturable 
absorber region 23, is equal to or larger than the maximum amplitude of the 

25 additional noise current. 

As discussed above, according to the third embodiment, a bistable 
semiconductor laser which is easier to produce as compared with a self- 
pxilsating semiconductor laser can be used to produce high -power laser light 
with lower power consumption, a smaller load on the circviitry and excellent 

30 noise characteristics, and thereby reduce feedback-induced noise. 

Further, since the modulation current and the noise current are 
generated independently of each other and then coupled, various 
parameters of the currents each can freely be adjusted. 
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Fourth Embodiment 

Fig. 9 is a schematic side cross-sectional view of a resonator of a 
nitride semiconductor laser according to a fourth embodiment of the present 
invention. 

5 The semiconductor laser device shown in Fig. 9 has a saturable 

absorber region 34 and light-ampHfying regions 35 and 36 provided on 
lateral sides thereof in the direction of the resonator of the nitride 
semiconductor laser using an n-type nitride galHum substrate. 

A p-electrode 31 is provided for saturable absorber region 34, p- 

10 electrodes 32 and 33 are provided respectively for Ught-amphfying regions 
35 and 36 and an n-electrode 37 is provided on the opposite side. Saturable 
absorber region 34 and light-amphfying regions 34 and 35 are produced to 
satisfy conditions that allow the semiconductor laser to be in a bistable state. 
Injection of a DC current into light-amplifying regions 35 and 36 causes the 

15 laser to enter the bistable state and operate. Here, the length of saturable 
absorber region 34 in the direction of the resonator is approximately 10% of 
the entire length of the resonator. 

An injection current generated by superimposing a high-frequency 
current on a DC operating current is injected via p-electrodes 31, 32 and 33 

20 independently into light-amphfying regions 35 and 36. The modulation 
current injected into Ught-amphfying regions 35 and 36 has a rectangular 
wave and a frequency of approximately 100 MHz. A constant curent 
injected into saturable absorber region 34 is 1.0 mA. 

Here, since the laser has a rising threshold of 20 mA and a falling 

25 threshold of 16 mA, the value of the total modulation current injected into 
light-amplifying regions 35 and 36 is 19.7 mA at the maximum and 15 mA at 
the minimum. 

The maximum ampHtude of the noise current added to the 
modulation current is adjusted to 0.5 mA so that the value of the relative 
30 noise intensity (RIN) has a minimum value. According to the fourth 

embodiment, as the first embodiment, a modulated optical output with an 
output power of 10 mW is produced. Accordingly, the effect of reducing 
noise similar to that of the first embodiment is achieved. 



-33- 



The semiconductor laser device of the fourth embodiment has laser 
emission surfaces as well as light-amphfying regions 35 and 36. Then, 
light emitted from Hght- amplifying region 36 is monitored by a monitor unit 
38 while light emitted from light-amplifying region 35 can be used. Then, 
5 information obtained from the emitted light from light-amplifjdng region 36 
can be used for control of the state of the emitted hght from light-amplifjang 
region 35 so that the relation between an injection current and an optical 
output can more precisely be known. 

Although three electrodes are provided in the fourth embodiment, 

10 the number of electrodes is not limited to three. The similar effect can be 
achieved by any semiconductor laser having three or more electrodes and 
self-pulsating state. 

Even if the number of electrodes is two or less, light can be divided 
by means of a beam sphtter and a modulated output can be produced by 

15 monitoring one of the light beams obtained through the beam-splitting. An 
advantage here is a reduction of the electrodes which facilitates 
manufacture and improves the 5deld. According to a driving method in the 
fourth embodiment, a laser beam for pickup and a laser beam for monitoring 
can simultaneously be generated by the device itself without using the beam 

20 splitter and the like. An advantage here is that, with the simple structure, 
control of the optical output can be improved and the 100% of the laser 
power can be used. 

The length of saturable absorber region 4 in the direction of the 
resonator may not be approximately 10% of the entire length of the 

25 resonator. Even if the length is another one, a modulated optical output 
can be produced with the same optical power and wavelength and the 
similar effect to that of the fourth embodiment can be obtained. If the ratio 
of the length of saturable absorber region 4 to that of the resonator is larger, 
however, the threshold accordingly increases which requires a greater 

30 injection current. Therefore, the length of saturable absorber region 4 is 
preferably at most 50% of the entire length of the resonator in the direction 
of the resonator. 

Although white noise is used as the additional noise in the fourth 
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embodiment, any random current having a random and non-periodic 
intensity change may be used as the additional noise to achieve the similar 
effect of reducing noise as that of the fourth embodiment. 

Modulation of the operating current to be injected into light- 
5 amplifying regions 35 and 36 may done by any wave except for the 

rectangular wave. However, by the similar function to that of the first 
embodiment, the modulation by the rectangular wave provides a higher 
optical output and a sharper pulse waveform. The rectangular wave is 
thus preferred since a modulated optical output can be produced with a 

10 lower current and driving of the laser can be done with the additional 

noise intensity in a wider range, so that a wider range of parameters are 
available in driving and reduction of noise is facilitated. 

In the fourth embodiment, the maximum amplitude of the 
additional noise current is set to 0.5 mA so that the intensity of the 

15 additional noise is equal to the optimum noise intensity Dm which allows 
RIN to be minimum. However, the noise intensity is not limited to such 
a value on the condition that a resultant optical output has a value of the 
RIN that is required for the optical disk pickup. 

In this case, according to the fourth embodiment, if the maximum 

20 amplitude of the current, which is the additional noise, is equal to or 

smaller than the width of the hysteresis shown by the injection -current 
to optical-output characteristics of the semiconductor laser, namely the 
difference (Ith2 - Ithl) between the rising threshold and the falling 
threshold of the hysteresis, a modulated optical output can be produced. 

25 If the maximum amplitude of the additional noise current is equal to or 
smaller than the amplitude of the modulation current, an optical output 
can have a larger amplitude and thus the effect of reducing noise can be 
improved. Therefore, such an amplitude is desirable. 

The frequency of the modulation current injected into light- 

30 amplifying regions 35 and 36 may not be approximately 100 MHz which 
is used in the fourth embodiment, and thus may be any frequency which 
can produce a modulated optical output having the effect of reducing 
feedback-induced noise. 
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Although the total value of the modulation current which is 
injected into light- amplifying regions 35 and 36 is 19.7 mA at the 
maximum in the fourth embodiment, the value is not limited to this. 
Suppose that there is an injection-current to optical-output characteristic 
5 curve when a certain current is injected into saturable absorber region 34. 
Then, if a modulation current supplied to light- amplifying regions 35 and 
36 has its intensity to the degree that transition to the upper hysteresis 
path does not occur, the effect similar to that of the fourth embodiment is 
achieved. 

10 In the fourth embodiment, the value of the modulation current 

supplied to light-amplifying regions 35 and 36 is 15 mA at the minimum. 
The value is not limited to this. Suppose that there is an injection- 
current to optical-output characteristic curve when a certain current is 
injected into saturable absorber region 34. Then, if the minimum value 

15 of the modulation current supplied to light- amplifying regions 35 and 36 
is equal to the rising threshold Ith2 or smaller of the hysteresis, a 
resultant optical output has the effect of reducing noise. However, if the 
minimum value of the modulation current injected into light- amplifying 
regions 35 and 36 is equal to or smaller than the falling threshold Ithl of 

20 the hysteresis, the minimum value of the optical output decreases and 
the amplitude of the optical output increases so that the effect of 
reducing noise can be improved. 

In the fourth embodiment, the value of the injection current 
injected into saturable absorber region 34 is 1.0 mA. The value, 

25 however, is not limited to this. If the width of the hysteresis of the 
injection-current to optical-output characteristic curve of the 
semiconductor laser, which is determined by the value of the injection 
current to the saturable absorber region 34, is equal to or larger than the 
maximum amplitude of the additional noise current, the effect similar to 

30 that of the fourth embodiment can be achieved. 

The current is injected into saturable absorber region 34 
independently of the curent injected into hght- amplifying regions 35 and 36. 
A resvdtant advantage here is that driving with a lower current is possible 
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through control of the hysteresis to decrease the lasing threshold and that 
adjustment of the amphtude of the optical output is possible. 

Although two electrodes are provided according to the fourth 
embodiment, the number of electrodes is not limited to two. Any 
5 semiconductor laser having two or more electrodes and having a self- 
pulsating state can achieve the effect of reducing noise. 

Moreover, even if the additional noise current is injected into 
saturable absorber region 34 and the modulation current is injected into 
the light-amplifying regions, a resultant optical output has the effect of 

10 reducing noise. In this case, since the range of the value of the current 
which can be injected into saturable absorber region 34 is narrow, the it 
is difficult to appropriately determine the value of the current. The 
timing at which the lasing threshold of the laser takes the minimum 
value (that varies depending on the amount of injected additional noise) 

15 is stochastically synchronized with the maximum value of the 

modulation current, so that the injection current becomes larger/smaller 
than the rising threshold of the hysteresis and a modulated optical 
output can thus be produced. 

The current injected into saturable absorber region 34 may not be 

20 a constant current and may be a modulation current since the effect of 
reducing noise is achieved as well. In this case, although an extra 
modulator circuit is necessary, there is an advantage that the hysteresis 
can be changed by the amount of injection current and thereby 
characteristics of the optical output can be changed. 

25 The semiconductor laser device may be any which does not 

contain nitride, for example, GaAs-based semiconductor laser. In this 
case, there is an advantage that any wavelength different from that of 
the nitride semiconductor laser can be used. In the GaAs-based 
semiconductor laser, a self -pulsating state is easier to produce as 

30 compared with the nitride semiconductor laser. Then, depending on the 
circuit configuration, power consumption of the self-pulsating laser could 
be smaller. 

The additional noise current is added to the modulation current to 
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be injected into light- amplifying regions 35 and 36. The additional 
noise current, however, may be injected independently into the electrode 
via another circuit. In this case, an extra circuit is necessary while 
there is an advantage that the intensity of noise can easily be adjusted. 
5 As heretofore discussed, according to the fourth embodiment, a 

bistable semiconductor laser which is easier to produce as compared with a 
self-pxilsating semiconductor laser can be used to produce high-power laser 
light with lower power consumption, a smaller load on the circuitry and 
excellent noise characteristics, and thereby reduce feedback-induced noise. 
10 Further, it is possible to reflect fluctuations of an optical output due 

to external factors like a change in temperature on adjustment of the 
injection current by means of a feedback circuit for example, and accordingly 
adjustment to keep a constant optical output is facilitated. 
Fifth Embodiment 

15 A semiconductor laser of a fifth embodiment is similar to that of the 

first embodiment except for the stacked structure shown in Fig. 10 employed 
in the structure of the semiconductor laser device. Then, a modulated 
optical output is produced by the same driving method to that of the first 
embodiment. 

20 Fig. 10 is a perspective view of the structure of the semiconductor 

laser device according to the fifth embodiment of the present invention. 

As shown in Fig. 10, the semiconductor laser device of the fifth 
embodiment has a planar sapphire substrate 41. A GaN buffer layer 42 is 
provided to cover the top surface of sapphire substrate 41. On GaN buffer 
25 layer 42, an n-type GaN contact layer 43 (44) is provided. In n-type GaN 
contact layer 43, a cut 43a is made to extend in one direction. Cut 43a 
partially exposes GaN buffer layer 42. Cut 43a extends to reach a 
protrusion 43b of n-type GaN contact layer 43. 

N-type GaN contact layer 43 has its top surface 43c provided with 
30 n-electrodes 52 and 53 separated from each other by cut 43a. 

Protrusion 43b extends perpendicularly to cut 43a. On protrusion 
43b, an n-t5^e cladding layer 45 is provided. On n-type cladding layer 45, 
an active layer of a multiple quantum weU structure (hereinafter multiple- 
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quantum-well active layer) 46 formed of an Ino.2Gao.8N quantum well layer 
and an Ino.05Gao.95N barrier layer is formed. Multiple-quantum-well active 
layer 46 is formed of two regions, i.e., a saturable absorber region 46A and a 
light-amplifying region 46B. 
5 Saturable absorber region 46A and light-amplifying region 46B are 

produced under conditions that allow the semiconductor laser to be in a 
bistable state. Here, the length of saturable absorber region 46A in the 
direction of the resonator is 10% of the entire length of the resonator. 

On mvdtiple-quantum-well active layer 46, a p-t5^e cladding layer 

10 47 is formed. On p-type cladding layer 47, p-type GaN contact layers 48 
and 49 are formed separately from each other. On p-type GaN contact 
layers 48 and 49, p-electrodes 50 and 51 are formed respectively. 

According to the fifth embodiment, protrusion 43b is formed to 
extend perpendicularly to cut 43a. The direction in which protrusion 43b 

15 extends, however, is not limited to this and protrusion 43b may extend to 
form an acute angle with respect to cut 43b. 

When a potential difference between p -electrode 50 and n-electrode 
is established, this potential difference is applied to saturable absorber 
region 46A. When a potential difference between p-electrode 51 and n- 

20 electrode 53 is established, this potential difference is apphed to light- 
amp lif5dng region 46B. 

The length in the direction of the resonator, the carrier lifetime and 
the differential gain of saturable absorber region 46A and light-amplifying 
region 46B each are defined to satisfy the conditions for ensuring the 

25 bistable state, so that injection of a DC current into light- amplifying region 
46B causes the semiconductor laser to enter the bistable state. Further, 
impurities are added to a region of the active layer that serves as saturable 
absorber region 46A in order to adjust the carrier lifetime. Here, 1 x 10^® 
cm-3 of Si is added. 

30 As heretofore discussed, according to the fifth embodiment, a 

bistable semiconductor laser which is easier to produce as compared with a 
self-pulsating semiconductor laser can be used to produce high-power laser 
hght with lower power consumption, a smaller load on the circviitry and 



-39- 



excellent noise characteristics, and thereby reduce feedback-induced noise. 

The contact layers and electrodes are provided in the upper part of 
the device. Then, although manufacturing of the device is somewhat 
complicated, an advantage is that integration of the device is facilitated. 
5 The present invention is appHcable to nitride semiconductor lasers 

as weU as lasers of other materials such as AlGaAs-based, AlGalnP-based, 
GaN-based and Il-VIO-based lasers. 

Although the present invention has been described and illustrated in 
detail, it is clearly understood that the same is by way of illustration and 
10 example only and is not to be taken by way of limitation, the spirit and scope 
of the present invention being limited only by the terms of the appended 
claims. 
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